Abstract: Nondestructive testing techniques are increasingly being used to obtain the geometry of structural and nonstructural elements and hidden features such as voids, cracks, and detachments. However, the evaluation of the compressive strength and other mechanical properties of ancient materials using such techniques remains a challenge. To reliably assess mechanical properties, it is usually necessary to directly test the strength and deformation of materials by destructive methods. To avoid coring and sampling of the historic fabric, a recent minor-destructive methodology based in microdrilling is used in this paper for the characterization of clay brick. For this purpose, 148 brick specimens from the 12th to 19th centuries were collected from six monasteries in Portugal. A wide range of compressive strength was found by destructive compressive testing, ranging from 6.7 to 21.8 N / mm 2 . The paper shows that it is possible to reliably estimate the compressive strength of bricks by means of regression curves using the adopted microdrilling technique.
Introduction
Conservation of architectural heritage is a difficult task due to the complex geometry of buildings and the large variability of the construction materials. The tasks of inspection and diagnosis of ancient buildings require obtaining a certain number of parameters, which provide information about the properties of the materials, the structural behavior, or possible defects. Mechanical characterization is a fundamental task for the structural works and safety assessment, where the compression strength is a key parameter in the case of masonry structures. In fact, the compressive strength of masonry in the direction normal to the bed joints has been traditionally regarded as the sole relevant structural material property, at least until the recent introduction of advanced numerical methods for masonry structures.
In the last decades, the strategic importance of ancient buildings due to cultural and economical reasons caused a large increase of the studies dealing with ancient structures and materials. In the case of ancient clay brick masonries, many studies have been focusing on the main mechanical properties ͑compressive strength and elastic modulus͒ and behavior of the composite material ͑Binda et al. Binda et al. 1996a , neglecting the mechanical properties. However, the mechanical properties of clay brick are very relevant as the resistance and durability of masonry depend greatly on the characteristics of the brick. Although its evidently important, only a few published studies focus on the mechanical properties of clay bricks ͑Papay-ianni and Stefanidou 2000; Baronio and Binda 1985͒ and on the process to reliably obtain those values.
Due to the high heterogeneity of clay bricks, it is very difficult to develop a general model to predict their mechanical properties. Some attempts were made to obtain mechanical information from other properties or by using nondestructive techniques. The compressive strength of clay bricks is usually related to other properties, such as porosity and firing temperature, which are key parameters for durability ͑Cultrone et al. 2000͒ but can markedly affect the mechanical resistance of bricks ͑Cultrone et al. 2004͒ . The assessment of the compressive strength can be obtained in the laboratory through uniaxial compression tests ͑CEN 2000͒. But this requires the removal of samples from the buildings, which is not always possible and cannot be carried out in large scale for a given case study. Flat-jack testing is a very adequate in situ technique for the determination of the state of stress of the masonry or the masonry compressive strength, however it is not appropriate to characterize the compressive strength of masonry units alone and represents a costly investigation technique. A simple statistical approach was proposed in Barbi et al. ͑2002͒ to predict the mechanical properties of clay bricks but additional compression tests are required for confirmation and unacceptable results could be found using the proposed approach. Thus, in order to allow a rapid collection of reliable mechanical data, both for structural purposes and for identification of damaged/weak parts, a methodology based on the microdrilling technique is addressed here. The objective of this investigation is to establish a simple regression model to mechanically characterize ancient clay bricks to be used in current engineering applications. For this purpose, an extensive sample of old clay bricks and new handmade clay bricks from diverse sources has been collected and was systematically subjected to microdrilling and uniaxial compression tests. Compressive strength ͑f c ͒ was obtained from the data that resulted from the compression tests in the laboratory while the drilling resistance ͑DR ͒ was determined from drillings made in companion brick specimens.
Drilling Resistance Measurement System

General Description
The drilling resistance measurement system ͑DRMS͒ has been developed as an attempt to obtain a portable system capable of carrying out minor-destructive tests in the laboratory and in situ based on microdrilling. The original objective was to measure continuously and reliably the superficial resistance ͑"hardness"͒ and the in depth cohesional properties of natural stone. The equipment also aimed at determining the effectiveness of the treatments based on consolidants ͑Tiano 2001; Tiano et al. 2000a͒ . Further information about the technical and scientific backgrounds involved can be found in Exadaktylos et al. ͑2000͒ . In fact, other superficial methods, such as the Schmidt hammer, do not provide data on the strength variation in depth. The use of a minordestructive test ͑MDT͒ was considered thus necessary for obtaining reliable results related to cohesional properties. The DRMS makes it possible to obtain the drilling resistance based on the measurement of the force ͑in Newton, N͒ and the torque ͑in mN m͒ necessary to drill a hole under specific operative conditions ͑Exadaktylos et al. 2000͒ .
The equipment available at the University of Minho was provided by SINT Technology, and consists of the followings components ͑Exadaktylos et al. 2000͒: 1. A mechanical device equipped with motors for positioning and drilling as well as force and torque load cells, with 500 N and 100 mN m of maximum capacity, respectively ͓Fig. 1͑a͔͒; 2. An electronic unit that contains the power unit, control boards for DC and stepper motors, signal amplifiers for load cells, computer for test procedure, graphic visualization, and data storage ͓Fig. 1͑b͔͒; 3. A tripod that can be adjusted in height from 830 to 1,600 mm with feet standing on a plane not larger than 900 mm in the drilling direction. The tripod feet can be fixed to the floor using nails and the head allows threedimensional movements in order to correctly position the drilling unit ͓Fig. 1͑c͔͒; and 4. Additional parts: two steel plates with three threaded bars and lock nuts to hold specimens for laboratory testing ͓Fig. 2͑a͔͒, and three adjustable sharp-pointed screws to provide the support during in situ tests over regular and irregular surfaces ͓Figs. 2͑b and c͔͒. The DRMS version used is fully customizable and can be set up in terms of rotational speed ͑RS͒, from 0 to 1200 RPM, and penetration rate ͑PR͒, from 0 to 20 mm/ min ͑SINT 2001b͒. The RS is maintained constant by an electronic controller in the electronic device. Moreover, the displacement of the drill bit is maintained at a constant speed though the use of a stepper motor that gives a resolution of 0.0025 mm/step. The drill can also be manually positioned by moving it forward and backward with the keyboard ͑SINT 2001a͒. In order to provide reliable and repeatable results, specially made drill bits were used by soldering a polycrystalline diamond plaque on to the drill bit tip with two-lip end mill, with a diameter of 5 mm ͑Fig. 3͒ ͑Tiano et al. 2000b͒.
Durability of Drill Bit
The continuous drilling of old clay bricks that are constituted by abrasive elements such as sand grains and stone fragments causes, inevitably, the progressive wear of the diamond drill bit. Studies by Tiano et al. ͑2000b͒ showed that abrasive stones cause the drill bit to exhibit a much higher drilling force very early. This "virtual" increase is due to the wearing of the drill bit, which needs more effort to keep the same rotational and advancement speed. In this study, the drill bits start to show wear after having made 30-40 holes. Due to the heterogeneous nature of old clay brick, a more precise indication cannot be given at this stage. It is noted that Delgado Rodrigues and Costa ͑2004͒ proposed a method to correct the progressive wear of the drill bit. This method is rather difficult to apply for very heterogeneous materials because a reference is needed to calculate the correction factors. Here, the wear of the drill bit was carefully monitored through regular drilling on a ceramic reference stone.
Description of Bricks' Sample and Testing Methodology
The sample adopted in this study includes a large group of clay bricks collected from six different Portuguese national monuments, located all over the country and with rather different physical and mechanical properties ͑see Fig. 4͒ . Table 1 reports a brief description of the sampled material in terms of acronym, number of specimens gathered, period, and origin, while Table 2 gives the dimensions and main physical properties of the brick specimens. The absorption of clay of both old and new bricks was based in the 24 h cold water submersion of the ASTM standard C67-98a. The porosity was calculated through hydrostatic weighing, described in the European Norm NP EN 772-3 ͑CEN 2000͒. Additional details on physical testing can be found in Fernandes ͑2006͒. The mechanical property retrieved from the test specimens was solely the peak compressive strength f c , taking into account the methods suggested by ISRM for rock materials ͑ISRM 1978͒ and the ASTM standard C67-98a. Small specimens were cut from the old clay bricks available in the sample and some of them were tested in compression in order to obtain the corresponding strength, while the remaining specimens were tested with the microdrilling equipment. 
Compression Testing Procedure
For the compression test, the specimens were cut from the bricks to be tested in the direction of the molding or perpendicular to bed joints ͑see Fig. 5͒ , which is the usual loading direction in masonry elements ͑e.g., walls and vaults͒ subjected to dead load. Generally, very small specimens were obtained, with typical cross sections of 30ϫ 30 mm 2 and 30-40 mm of height. All specimens were ground using a rectifying machine, so that the loading faces were properly aligned. Due to the heterogeneity of the samples and the small height of the bricks, it was not possible to obtain specimens with a height/width ratio adequate to neglect the boundary effects ͑the height/width ratio should be larger than 2͒ ͑Neville 1963͒ and the presence of inclusions/voids ͑specimen size to inclusions/voids ratio should be larger than 10͒ ͑Fairhurst and Hudson 1999͒. Here, the smallest dimension accepted for testing after surface rectification was 20 mm, as suggested in Binda et al. ͑1996b͒ . This criterion resulted in the rejection of some specimens because the minimum dimension was not met or the distortion was so large that it was impossible to obtain a regular specimen for testing. Additionally, in order to minimize the effect of the friction effects imposed on the specimen by the machine platens, which have 100 mm of diameter, and in order to secure a uniform stress distribution at least in the center of the specimen, a pair of friction-reducing Teflon sheets with a thin layer of mineral oil in between was placed between the surfaces of the platens and the specimen ͑Fig. 6͒ ͑Binda et al. 1996b; Van Mier 1984, Van Vliet and Van Mier 1996͒. The test setup for the compression tests is composed of a steel frame equipped with a compression load cell with a maximum capacity of 25 kN and connected to an appropriate control system ͑see Fig. 7͒ . The steel platens were rectified in order to provide a flat surface. The lower platen has a spherical seat made of tempered steel that allows the initial alignment and accommodation of the specimen, thus facilitating the alignment of the applied load with the center of the specimen as well as preventing any other unfavorable effect due to geometrical imperfection of the specimen. Finally, a steel cube with 100ϫ 100ϫ 100 mm 3 provided additional height for the specimens. Because of the rather small dimensions of the brick specimens, besides the control displacement transducer, no displacement measuring device was mounted in the system. The variable selected as the feedback signal was the vertical displacement of the actuator, provided by an external linear variable displacement transducer ͑LVDT͒ with a linear field of 2.5 mm, mounted in the actuator body. The test procedure started in load control until the specimen was loaded with a force of 0.25 kN. Then, the procedure was carried out entirely under displacement control by means of the vertical LVDT at a rate of loading in compression of 0.003 mm/ s. The compressive strength f c of the test specimens was calculated by dividing the maximum compressive load on the specimen by the initial cross-sectional area.
Microdrilling Testing Procedure
For the microdrilling measurements, the specimens were fixed between the steel plates of the special equipment part ͓Figure 2͑a͔͒. In order to adopt the most suitable operative conditions, an investigation through the available literature ͑Tiano et al. 2000b͒ concluded that the test parameters are essentially material dependent and that low penetration rates and rotational speeds increase the returned thrust and torque. Old clay bricks are mainly constituted by soft material ͑clay mass͒ but the presence of hard and highly abrasive sand grains and stone fragments require us to choose values for PR and RS to take into account the low resistance of the clay mass but to avoid out of scale values for harder elements. Thus, from preliminary experiments, the system parameters were fixed as: PR= 10 mm/ min and RS= 600 rmp. Usually, in typical old masonry elements, the brick units are laid down in the direction of the bed surface and the only visible and accessible surfaces are the ones shown in Fig. 8 . Therefore, drilling was carried out in the accessible surfaces, preferentially located in the central area of the specimen in order to avoid any possible border effects.
The procedure of comparing laboratory specimens' properties in one direction with in situ measurements in the orthogonal direction is obviously necessary for practical purposes, which is usual in anisotropic materials such as timber ͑see, e.g., Lourenço et al. 2006͒ . Here, it is noted that Bati and Ranocchiai ͑1994͒, , the strength ratio between bed joint direction and head joint direction was between 1.2 and 1.5. It is noted that for ancient bricks a much smaller difference is expected due to the production process ͑hand molding͒ and that the largest strength is likely to occur in the vertical direction.
The drilled length was fixed to 20 mm in all specimens, as this is the minimum specimen size and average results are needed. The value used to characterize the microdrilling resistance is the drilling force divided by the cross section of the drill bit, DR . This has the advantage of providing a stress value, meaning that the influence of the drill diameter is removed. In addition, nondimensional correlations can be obtained with the compressive strength f c . The presence of high strength inclusions such as sand grains or stone fragments with appreciable dimensions inside the brick specimens ͑in some cases larger than 5 mm͒ and the presence of voids and cracks affects severely the average drilling resistance of bricks in the same way they can influence the compressive strength ͑Fairhurst and Hudson 1999͒. However, the contribution of these local defects in the behavior of the whole brick is less relevant. Fig. 9 illustrates the result of drilling through a stone fragment, while Fig. 10 illustrates the result of drilling through a crack in the interior of the brick. In both cases, rather homogeneous resistance profiles with moderate irregularities due to the microstructure of brick are observed ͑in solid line͒ together with one profile showing the influence of the anomalies previously described ͑in dashed line͒. These anomalies influence the final average drilling resistance of the specimen, and must be removed. As an example, the average drilling resistance of the profile DR that crossed the stone fragment ͑Fig. 9͒ is 80% higher than the average of the remaining profiles, while in the case of the profile crossing an internal crack ͑Fig. 10͒, its drilling resistance DR decreased 20% relative to the other profiles. Thus, in order to reduce the scatter and the influence of local defects as well as to define appropriately the characteristic drilling resistance average value, the procedure described next was used. Three to five holes were carried out in each specimen, taking into account its size and the difference in results between consecutive measurements. Holes were drilled in the middle of each specimen, and separated by a minimum distance of 10 mm ͑equivalent to two diameters of the drill bit͒ in order to avoid any effect induced by the specimen edges and previous holes. Low strength dips and high strength peaks were systematically removed. As an example, Fig. 11 shows the portion of data removed from the profile as well as the data used to calculate the average drilling resistance. Fig. 12 illustrates the average compressive strength f c for the complete sample as well as the dispersion of the data according to the origin. The number of specimens considered for testing in each group was: OU ͑8͒, PO ͑28͒, SA ͑27͒, TA ͑18͒, TI ͑23͒, and TO ͑16͒. The wide range of average strength found is between 6.7 and 21.8 N / mm 2 . In particular, the strength of bricks from Tomar ͑TO͒ and Salzedas ͑SA͒ differ significantly from the other four groups of bricks. Their higher compressive strength seems to be related to the technological process available at the time of manufacture, as the bricks from Tomar ͑TO͒ and Salzedas ͑SA͒ are more recent than the other bricks. Additionally, sampling of the bricks comes from different locations. Clay bricks from Outeiro ͑OU͒, Pombeiro ͑PO͒, Tarouca ͑TA͒, and Tibães ͑TI͒ were collected from vaults, buried remainings, soil deposits, and infill material, while the clay bricks from Tomar ͑TO͒ and Salzedas ͑SA͒ were obtained from building elements. Therefore, environmental actions and deterioration can also contribute to the results obtained. Nevertheless, it is possible to observe that the bricks with lower f c also exhibit a higher dispersion, with coefficients of variation ͑COV͒ up to 40 and 50%. This indicates a very large variability of the compressive strength. Fig. 13 illustrates the average drilling resistance DR in N/mm 2 for the complete sample. The dispersion of the data per groups and the number of specimens considered for testing is also pro- vided. The number of specimens in each group was: OU ͑9͒, PO ͑33͒, SA ͑27͒, TA ͑24͒, TI ͑29͒, and TO ͑15͒, and is different from the number considered in the compression tests because some specimens were adequate for microdrilling but inadequate for compression. The results of the drilling resistance are in agreement with the compressive strength results. However, the scatter found is even larger, with coefficients of variation up to nearly 100%.
Discussion of Results
Results for Compressive Strength
Results for Drilling Measurements
Correlation between Compressive Strength and Drilling Resistance
Regarding the correlation between the drilling resistance and the compressive strength, the complete results of all test specimens are shown in Fig. 14 . A linear fit with the following equation: f c = 5.328+ 3.959 DR , provides an average value for R 2 ͑0.67͒. However, for lower values of DR , especially below 1 N / mm 2 , the linear model gives too high and clearly erroneous values. Thus, a nonlinear fit was computed, and the best result was obtained with a power curve with the following equation: f c = 9.196 DR 0.609 , which provided a slightly higher R 2 ͑0.74͒. This result is in line with other studies that proposed a power law to correlate the compressive strength of old clay bricks from ultrasonic pulse velocity and Schmidt hammer rebound tests ͑Kirka and Erdem 2005͒. Both regression lines are reported over the complete dataset in Fig. 14. In the range between 10 and 25 N/mm 2 for f c or between 1 and 5 N / mm 2 for DR , the difference between the two models seems to be rather low and, thus, both models are satisfactory. It is recommended to use the power law, up to a DR value of 5 N / mm 2 . After this value, the amount of experimental data is insufficient to provide any suggestion.
A 95% confidence interval is usually adopted in standards to include the statistical variation of the mechanical properties. Fig.  15 presents the lower confidence curve that can be used to provide a lower bound estimation ͑f c = 4.870 DR 0.609 ͒ up to a DR value of 3 N / mm 2 . For higher values of DR and f c , the slope of the linear law should be adopted instead as the power law is too conservative.
Validation of Models for New Handmade Clay Bricks
Although the models fit conveniently the data from old clay bricks, it is considered of relevance to confirm the appropriateness of these models with different brick materials, especially bricks to be adopted as replacing material. For this purpose, modern handmade traditionally fired clay bricks were used, obtained from two different manufacturers from the region of Alentejo, in the South of Portugal, and often adopted as replacement material for old bricks. The two manufacturers are from the towns of Galveias ͑GA͒ and São Pedro de Corval ͑PC͒. The main physical properties as well as the average compressive strength of these bricks are presented in Table 3 . It can be observed that the spe- Table 2͒ . However, modern handmade bricks have a much lower absorption and porosity than old bricks, which is an important improvement in terms of durability. Procedures adopted for the compression and microdrilling tests of the new bricks were the same as before. Fig. 16 presents the average pairs ͑DR ; f c ͒ of the new bricks, and the correlation obtained for the old bricks. It is clear from the results that the correlation is also valid for the new bricks, although the correlation factor between the pairs ͑DR ; f c ͒ from modern bricks and the model obtained from old bricks is low ͑R 2 Ϸ 0.50͒. Nevertheless, the modern samples are totally included in the prediction intervals with 95% of confidence calculated for the old clay brick model ͑see also Fig. 15͒ .
Conclusions
An innovative methodology to assess the compressive strength of old clay bricks using nondestructive testing has been proposed. The usage of microdrilling in a large sample of bricks, from the period of the 12th to 19th century and from six different monuments allowed us to propose adequate correlations. The proposed nonlinear correlation is valid in a wide range of compressive strengths of the brick ͑2.5-25 N/mm 2 ͒, while the proposed linear correlation is valid only in a narrower range ͑10-25 N/mm 2 ͒. Although the scattering of the data was significant, especially for high values of DR and f c , the dispersion of the data was mostly contained in a prediction interval with 95% of confidence. Modern handmade traditionally fired clay bricks, used as replacement material in ancient fabric, have also been considered in the testing program. Despite the fact that these bricks exhibit a much lower porosity and water absorption than old bricks, the proposed correlations for compressive strength remain valid.
The experience of the writers indicates that: ͑1͒ the equipment used for the tests was also able to drill through high strength modern clay bricks, although the drill bit showed earlier wear; ͑2͒ the equipment was unable to drill hard stone ͑such as granite͒ due to insufficient power of the drilling motor; and ͑3͒ the presence of large contents of moisture negatively affects the accuracy and the performance of this technique. The wet brick powder is expelled less efficiently and causes the drilling resistance to artificially increase.
The proposed method seems very useful to assess, with minor damage, the compressive strength of old clay bricks. But further investigation is needed, namely with respect to correlations with elastic modulus, the influence of the state of stress of the clay bricks in the drilling resistance, and a more efficient methodology to take into account the drill bit wear instead of just using a new drill as was done in this paper.
